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Research on the Relation between Transformer Oil Flow Electrification
and Electrostatic Current

Qiang Fu*, Rui Wang**, Pinguo Zou***, Zhao Li**, Yang Yang** and Xuejun Xie'

Abstract — In order to study and obtain the mathematical relation between the electrification degree
of transformer oil flow and the electrostatic current, a small amount of data about the electrification
degree of oil flow and the corresponding electrostatic current is studied by linear regression method
and grey model method. The results show that the linear correlation between the electrification degree
and the electrostatic current was not good, and the relation between the electrification degree of oil
flow and electrostatic current (i) could be expressed as p© =0.2049 i” +169.4419 according to grey
model GM (0, 2) when the electrification degree of oil flow is represented by the charge number
generated from transformer oil per unit volume, namely the charge density (p).
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1. Introduction

Oil Flow Electrification was a kind of electrification
phenomenon that occurs on the surface of solid insulation
or in the insulating oil, which was caused by the friction
between the oil and the surface of the insulation structure
components when the oil flows at a certain speed in the
transformer. It could also be explained by electrostatic
effect. The Electrification Degree of oil flow, namely the
Charging Tendency, or Electrostatic Charging Tendency
(ECT), represents the capability of generating electric
charge when the transformer oil flows through the solid
insulation surface under certain external conditions such as
velocity of flow and pressure, and can be represented by
charge density (p), which means the charge number
generated from per unit volume of transformer oil: p= q/V
(V is the total volume of transformer oil, and q is the total
charge number generated when oil flows through the solid
insulation surface). And we often use C/m’, pC/ml or
pC/cm? as the unit of Electrification Degree [1-6].

Through researches, scholars from all over the world
hold the opinion that the electrification of transformer oil
flow has a lot to do with the insulation structure of the
transformer, oil flow velocity, oil temperature and charging
tendency (electrification degree) of oil flow. At a certain
flow velocity and wunder certain temperature, the
electrification of oil flow may cause partial discharge of
UHYV power transformers and oil aging, which may lead to
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operation accidents that mainly result from the damage of
transformers due to electrostatic discharge caused by the
electrification of oil flow.

At present, there are many researches covering the
fields such as the major research methods and means of
electrification of transformer oil flow, the mechanism
and influence factors of the electrification, the impact on
transformer oil caused by the electrification, and the
malfunction caused by the electrification as well as the
control measures. But there is hardly any research on the
mathematical relation between the electrification degree
of oil flow and the electrostatic current. Therefore, this
article adopts the linear regression method and grey
model theory to study the mathematical relation between
the electrification degree of transformer oil flow and the
electrostatic current.

Electrostatic current — 1, is the electrostatic streaming
current detected in oil or the electrostatic leakage current
detected on solid insulation during the oil flow process.
The total charge number — q could be expressed by the

equation q :jg idt (T means the time required for the oil
flowing through the solid insulation), so the equation
p= (jg idt)/V means that the electrification degree of oil

flow could be calculated by detecting the electrostatic
current. Certainly, the definite relation between the
electrification degree of oil flow and electrostatic current
must be acquired before the calculation. That is to say, the
mathematical expression of the relation between the
electrification degree of oil flow and the electrostatic
current must be researched [7-11].

There are many mathematical methods that can be used
to study the mathematical expression of incidence relation,
including linear mathematical methods such as regression
analysis, variance analysis or other mathematical statistics
methods, and nonlinear mathematical methods such as grey
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system theory. However, mathematical statistics methods
such as regression analysis and variance analysis require
large sample and good distribution pattern of the data, and
the data processing and calculation process is complicated.
Therefore, their application is limited. Compared to that,
grey system theory needs less data (2 5 groups) and
calculation, which makes it possible to process finite and
irregular data so as to find the internal characteristics of the
system. As a result, grey model method is adopted to study
the mathematical expression of the relation between the
electrification degree of oil flow and the electrostatic
current, while linear regression method is adopted to
conduct comparison.

In order to study the mathematical expression of the
relation between the electrification degree of oil flow and
the electrostatic current, the electrification degree of oil
flow and the electrostatic current of oil from two
transformers in a transformer substation were found in
literature [12-16].

2. Research on the Relation between the
Electrification Degree of Oil Flow and the
Electrostatic Current by Linear Regression
Mathmatical Method

Using the Excel software to draw the relational graphs of
the electrification degree and the electrostatic current of oil

sample 1 and oil sample 2 respectively, and Figs. 1 and Fig.

2 were obtained.
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Fig. 1. The relational graph of the electrification degree
and the electrostatic current of oil sample 1
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Fig. 2. The relational graph of the electrification degree
and the electrostatic current of oil sample 2

Figs. 1 and Fig. 2 showed that the related coefficient of
the electrification degree and the electrostatic current of oil
sample 1 and oil sample 2 were both low.

3. Research on the Relation between the
Electrification Degree of Oil flow and the
Electrostatic Current by Grey Model [17, 18]

3.1 Brief introduction of grey model

3.1.1 Grey System refers to a system with its information
partly explicit. Grey System theory needs less data (>
5 groups) and calculation, which makes it possible
to process finite and irregular data so as to find the
internal characteristics of the system.

Model obtained from grey system is called GREY
MODEL (GM). An nth-order GM with h variables should
be denoted by GM (n, h). It represents the influence of
other (h-1) variables on the nth-order derivative of a
variable, in which n represents the nth-order derivative of a
variable, and could be 0, 1, 2, 3... But generally it would
not exceed 3, because a bigger n means richer connotation,
and it would also be harder to solve the secular equation of
a high-order system. Not only the calculation process is
complicated and time-consuming, but also the accuracy is
not necessarily high, and the result is not analytical. And h
represents h variables.

When the other factors of transformer and its oil are
fixed, GM (0, h) model could be used to study the relation
between the electrification degree of transformer oil flow
and the electrostatic current.

GM (0, h) model refers to a 0-order model with h
variables. 0-order means no dynamical variables and the
system is static. For the transformer and its oil system,
when the other factors of the transformer and its oil are
fixed, GM (0, 2) model could be used to study the relation
between the electrification degree of transformer oil flow
and the electrostatic current.

3.1.2 For the GM (0, h) model, there is a differential
equation, as in (1).

x) =bx,0) +b,x,0) +..+b,_,x,_ ) +a (D
L0(Q2) x, M(2) 1
m@3) .. m@3) 1
Define: B=| @) - %,06)

>

XO(N) ..x, O(N) 1

xl(l)(Z) bl

then 50 (3) =B| "
h—2

xl(l)(N a
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Define: b=[b,,b,,...,b,,, a]',

*> Yh-2>

YOF[X0Q), x,03), . x,0MN)]",

b,

-1
=[RpT
then b [B B] BTyN(.)
h-2
a

So the expression equation of GM (0, h) model is as in

Q).
x W (i) =bx,0 (i) + b0 (i) + .4 by yx, O (D) +a  (2)
and x0 (m)Zi x,0 (k) m<N
=1

3.1.3 Modify the GM (0, h) model properly to get linear
regression model by substituting x) (k) with

x() (k). So the linear regression model is as in (3).
X0 (k)=b,x,0 (k)+b,x,0 (k) +..4b,x, O (k)yta  (3)

The identification formulas of @,b,,b,,...,b, , and other
parameters of the linear regression model are basically the
same with the GM (0, h) model, except that x (k) is
replaced by x,%) (k).

3.1.4 The posteriori differential test method

Posteriori differential test is based on residual error. The
residual error of data i is defined as £€© (i) = x©({)—
x0@G), i=12,..,n,

x(0) (i) is the ith initial data, and X© (i) is the predicted
value of the ith initial data.

The content of posteriori differential test is to examine
the probability of occurrence of small residual error and the
value of some related indicators of the residual error
according to the value of £©) (i) .

Data needed for the posteriori differential test include:

_ 1 & .
the average value of the initial data — x :WZX(O) (1)
i=1

(N means the number of the initial data), the variance of
1 n _ 2

the initial data — S,2 = —Z(x(o) (i)- x) , the average value
n

i=1

- 1¥ . .
of the residual error —é& = —Z £ (i), the variance of the
nio
1¢ ’
residual error — S2= —2(5(0) (i)—E) (n means the
nio

number of the residual error and usually n < N), the ratio of

Sl

the posteriori differential — C = 5 and the probability of

2
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small residual error — P = P{(E(O) (i)- E( <0.6745S ,} .

A model with good extrapolation must have a small C,
because a small C means a small S, and a big S;. S; is the
variance of the initial data, and the bigger it is, the more
discrete the initial data will be, namely the regularity of the
initial data will be poor. S, is the variance of the residual
error, and a small S, means the residual error will be less
discrete. Thus, a good model needs a big S; and a small S,.
As an aggregative indicator, the smaller C is the better. A
small C means the residual error is less discrete, although
the initial data is irregular. Ordinarily C < 0.35 or < 0.65 is
required.

Another indicator of good extrapolation is a big p. If

residual error |8(°)(i)—§| <0.6745S, or relative residual

err0r|£(°) (i)- 5| /§,<0.6745, it could be called small error.

It would be more reasonable to use relative residual error
instead of residual error, because a bigger S, allows a
bigger|€(°)(i)—5|. Generally p should be less than 0.95
and not below 0.7.

According to the value of p and C, the model could be
divided into 4 precision levels just as showed in Table 1.

Table 1. The value range of p and C for each level

Precision Level p C
Good 0.95 0.35
Qualified 0.8 0.5
Justmark 0.7 0.65
Unqualified 0.7 0.65

3.1.51If x, and x,respectively refer to the electrification
degree of oil flow — p and electrostatic current — i,
the static model GM (0, 2) of p and i would be as
in (4).

p=bi+a @)
pPD(2) im(2) 1
M i
namely PG =B(Blj with B=|" ® 1 ,
PHN) IO(N) 1
~ (b .
b=(a‘j=[BTB] 'B7y,(), and

T
YO=[PDQ2), pOB), . pOMN)] .
In the above equations, xi(1>(m)=z x®(k), m <N, and
N is the number of factors of th&!electrostatic current
studied.

3.2 Calculation procedure

Fig. 3 is the block diagram of the calculation procedure
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Fig. 3. The block diagram of the calculation procedure

for establishing a Grey Model. First of all, the general form
of GM (0, h) is established, and the electrification degree
of oil flow— P and electrostatic current-i are substituted.
Then the concrete form of GM (0, h) is obtained by
calculation. After that, the posteriori differential test is
conducted, and the accumulated value of the calculation
results is compared with that of the measured results to
inspect the precision and extrapolation of the model. Then,
GM (0, h) model is converted into linear regression model,
and the concrete form of the linear regression model is
obtained by calculation. Meanwhile, posteriori differential
test is conducted, and the calculated value is compared
with the measured value. According to the results above,
the final Grey Model of the relation between the
electrification degree of oil flow and the electrostatic
current is obtained.

3.3 The GM (0, 2) model of the relation between the
electrification degree of oil flow and the elec-
trostatic current

The data of oil sample 1 was used to establish the
concrete form of the GM (0, 2) model of the relation
between the electrification degree of oil flow and the
electrostatic current. Then, the data of oil sample 2 was

used to test and verify the accuracy of the GM (0, 2) model.

As usual, the general form of GM (0, 2) was

1 — 1
p( )(oilsamplel)_bli( '+a .

For oil sample 1,

Vi) =[P V@) PO PO
P (5)]"=[263 488 733 1013]",
in@) 1) (1812 1

Clio@3) 1] | 4062 1
T lio@) 1|7 7492 1 2%°
ines) 1) (13092 1

BT— 181.2 406.2 749.21309.2
! 1 1 1 ’

BTB - 10° [2.47310.0026)

0.0026 0.0000

5»=[B™BI'B, ¥ ()=[B'B]'B", ys(.)_[ 0.6495 j

194.6492
P (1)(0“ sample 1): 0.6495 i O +194.6492

3.4 The examination of the GM (0, 2) model of the
relation between the electrification degree of oil
flow and the electrostatic current

3.4.1 The posteriori differential test
g(1) = -140.6, &(2) = -49.3, &(3) = 29.5, &(4) = 51.8,

— 1 S
&(5)=-32, then &= ng(k) = -28.12.

k=1

(e(1)- ¢ )?=(-112.48)%, (¢(2)- £ )*= (-21.18)%,
(e(3)- £ > = (57.62)%, ((4)- £ )’ = (79.92)?,
(e(5)- & )* = (-3.88)?, then

1< -
Sp = gz(g(k)—g)z = 4564.534, and S,=67.56133.

k=1
— 1 S —
=52 PO (k) =514, (PO - p = (~441)%,
k=1

(PO(2) = p)=(-25D% (PO 3)- p )= (-26)",
(PO) = p )= (219)% (PD(5) - p )= (499)%, then

1 S —
S2= gZ(pm(k) - p)2 =111024, and S,=333.2026,
k=1

0.67455,=224.7452537.

S, 67.56133
So,C=—=

= 220000 0.202763
S, 333.2026 <0.35,

P= P{‘g(k) —2‘ <0.6745S,1=1>0.95, and the precision
level of the model was GOOD.

3.4.2 Formula p “ oy sumpie 1= 0.64951 " +194.6492 was

used to calculate the accumulated value of the
electrification degree of oil sample 1 and oil sample
2, and the data is showed in Table 2.

Thus it can be seen that the precision level of the GM (0,
2) model of the relation between the electrification degree
of oil flow and the electrostatic current is “GOOD”.
Combining with the comparative result between the
calculated value of £V and the accumulated real value of
P, the GM (0, 2) model of the electrification degree of oil
flow and the electrostatic current could be initially
expressed as in (5).

P 1=0.6495i V+194.6492 3)

3.5 Convert the GM (0, 2) model into linear regression
model and test it

The linear regression model 2 © (i ampie y=0.20491 @+
169.4419 was obtained from £ i ample 1y = 0.64951 ¥+
194.6492. As P=0.8>0.7, 0.5 <C=0.584926 < 0.65, the
precision level of the linear regression model was
JUSTMARK.
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Table 2. The electrification degree and electrostatic current of oil samples (sample 1 and sample 2) from two transformers

in a substation

Oil sample 1 Oil sample 2
i%(m) (pA) 292 | 152.0 | 225.0 | 343.0 | 560.0 | 32.0 | 150.0 [ 220.0 [ 320.0 | 540.0
iD(m) (pA) 202 | 1812 | 4062 | 7492 [1309.2 [ 32.0 | 182.0 | 402.0 [ 722.0 |1262.0
p “(m) (pC/ml) 73.0 | 190.0 [ 2250 | 245.0 | 280.0 | 80.0 | 1875 220 228.6 | 270
657 | 1710 | 2025 | 2205 | 2520 | 720 | 1688 | 1980 | 2057 | 243.0
(0)
+£10% p™(m) (pC/ml,) 803 | 2000 | 2475 | 2695 | 308.0 | 88.0 | 2063 | 2420 | 2515 | 297.0
p(m)(pC/ml,calcul-ated value) 175.4 | 200.6 215.5 239.7 | 284.2
p ©(m) (pC/ml,predicted value of oil sample 2) 176.0 | 200.2 214.5 235.0 | 280.1
p Y(m) (pC/ml) 73.0 | 263.0 | 488.0 | 733.0 | 1013.0 | 80.0 | 267.5 | 487.5 | 716.1 [ 986.1
657 | 236.7 | 4392 | 659.7 | 911.7 | 72.0 | 240.8 | 4388 | 644.5 | 887.5
0, (1)
£10% p™(m)(pC/ml) 803 | 2893 | 5368 | 806.3 | 11143 | 88.0 | 2043 | 5363 | 787.7 | 10847
p"(m)(pC/ml,calcul-ated value) 213.6 | 3123 | 4585 | 681.2 | 1045.0
(1), . .
p"(m)(pC/ml, accumulated predicted value of oil 2154 | 3129 455.8 663.6 | 10143
sample 2)

[i © and P (V]

respectively represent the measured value of electrostatic current and electrification degree of oil, i

Mand p @ respectively represent the

accumulated value of measured value, namely, i(l)(k)ZZiw)(k) s p<1)(k):2p<0)(k) , k=1234]
k k

@) 1) (152 1
o lie@) 1| _|225 1
Since B= joay 1| = 343 1 |
io(5) 1 560 1

) 0.2049
_RTRT-IRT —BTBT'BT =
b5=[B"B]"'B"y(.)=[B"B]"B'ys(.) _(169.4419j’

S,=41.56426,
O= 5 0)
=[P 0@) POB) POE LS
=[190 225 245 280",
S,=71.0566, and 0.6745S,=47.9276767(k =1, 2, 3, 4, 5).

The data of the electrification degree of the oil flow
calculated from the linear regression model is also showed
in Table 2.

The posteriori differential test showed that the precision
level of the linear regression model was JUSTMARK. By
comparing the accumulated calculated value of 2 © with
the accumulated measured value of £, the errors of 80
percent of the results are smaller than 10% and the rest are
quite big.

4. Conclusion

The data of the electrification degree of transformer oil
flow and the electrostatic current were studied by linear
regression method and grey model method. The results
showed that the linear correlation between the electrify-
cation degree and the electrostatic current was not good,
and according to grey model GM (0, 2), the relation

between the electrification degree of oil and the
electrostatic current could be expressed as in (6).
P©=0.2049 10 +169.4419 (6)
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